Introduction
============

Lung cancer remains the leading cause of cancer-associated mortality ([@b1-ol-0-0-8245]). Non-small cell lung cancer (NSCLC) develop as the predominant form, and approximately accounts for 85% of all lung cancer related deaths ([@b2-ol-0-0-8245]), mainly consisting of three subtypes: adenocarcinoma, large cell cancer, and squamous cell cancer ([@b3-ol-0-0-8245],[@b4-ol-0-0-8245]). Regardless of great improvements in surgical techniques and chemotherapy, the prognosis for NSCLC remains inconclusive, the 5-year survival rate of is approximately 15% ([@b5-ol-0-0-8245],[@b6-ol-0-0-8245]). Therefore, an improved comprehension of the pathophysiological functions and mechanisms involved in the NSCLC development appears to be pivotal for blossoming novel and effective therapeutic approaches.

MicroRNAs (miRNAs) are small non-coding RNAs, ranging in length from 18 to 24 nucleotides, base binding with target mRNAs in the 3′-untranslated region (3′-UTR) ([@b7-ol-0-0-8245]), causing mRNA degradation, cleavage, translational repression or activation (8, 9). Increasing research has indicated that miRNAs are regulators in cancer, that might function either as suppressors or activators of cancer development by regulating different targets ([@b10-ol-0-0-8245]). Furthermore, many studies have indicated that the aberrant expression of various miRNAs could affect normal biological progress of NSCLC cells that are involved in tumor invasion and metastasis ([@b11-ol-0-0-8245]). Moreover, previous studies have reported that miR-224 facilitated tumor progression to enhanced invasion and growth in NSCLC and implicated pathogenesis of lung cancer ([@b12-ol-0-0-8245],[@b13-ol-0-0-8245]). However, the specific functional molecular mechanisms of miR-224 in the mediation of NSCLC cancer process are still elusive, and the potential mechanism of miR-506 as a therapeutic target for NSCLC has not been fully evaluated.

The Homeobox D10 (HOXD10) belongs to the homeobox (HOX) gene family, has been reported to be the main regulator that can directly affect organogenesis and plays a role in maintaining the differentiated tissues functions ([@b14-ol-0-0-8245]), encodes a sequence-specific transcription factor with a homeobox DNA-binding domain ([@b15-ol-0-0-8245],[@b16-ol-0-0-8245]). Furthermore, Li *et al* showed that miR-224 could promote hepatocellular carcinoma cell invasion and migration by targeting HOXD10, and HOXD10 was recognized as an essential tumor suppressor ([@b17-ol-0-0-8245]). Whether HOXD10 could play an important function in the mediation of NSCLC needs further investigation.

In this study, we proved the expression level of HOXD10 could be regulated by miR-224. miR-224 may play a vital part in mediation of malignant disease development, especially NSCLC, by directly targeting HOXD10. These findings may suggest a critical regulatory mechanism for cancer progress or development of NSCLC and give a feasible therapeutic option for exploring NSCLC carcinogenesis.

Materials and methods
=====================

### Tissue specimen collection

Forty paired samples of the NSCLC and adjacent non-tumor tissues were obtained at the Department of Respiratory Medicine, The First Affiliated Hospital of Jiamusi University (Jiamusi, China). Informed consent was obtained from all patients and the present study was approved by the Ethics Committee of The First Affiliated Hospital of Jiamusi University. All tissue specimens were confirmed by pathological diagnoses and no patients received radiotherapy or chemotherapy before surgery. The characteristics of the NSCLC tissues and the corresponding normal tissues are described in [Table I](#tI-ol-0-0-8245){ref-type="table"}.

### Cell lines

Three human NSCLC cell lines (H358, 95-D, A549) and one normal human lung epithelial cell line (BEAS-2B) were purchased from Shanghai Institute of Cell Biology (Shanghai, China). The H358 cell line has been reported to be possibly identical to the H358M cell line, of the bronchioloalveolar carcinoma type (<http://mct.aacrjournals.org/content/12/5/643>). The cells were maintained in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Sigma, St. Louis, MO, USA) at 37°C and 5% CO~2~.

### Cell transfections

Cells were transfected with the negative control miRNA (NC miRNA) and miRNA mimics/inhibitor (100 µM) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) after the recommended instructions. The miR-224 mimics/inhibitors and NC miRNA were synthesized with RiboBio (Guangzhou, China).

### RNA isolation and RT-qPCR assays

Total RNA were isolated from cultured cells using the RNA simple Total RNA Extraction kit (Ambion, Carlsbad, CA, USA) for cDNA synthesis. To perform the quantitative detection of miR-224 or mRNA expression, quantitative PCR was carried out with StepOne Plus RT-PCR System. The RT-qPCR data were calculated by the 2^−∆∆Cq^ method and relative to SnRNA U6 or GAPDH.

### Luciferase reporter assay

To find the targets of miR-506, we utilized bioinformatics software (Targetscan, miRanda). The pmirGLO vectors with wild-type (WT) or mutant type (MUT) miR-224 binding site in HOXD10 3′-UTR were constructed by GenePharma Co., Ltd. (Shanghai, China). The miR-224 mimics/inhibitor, and miR-224 NC were synthesized and purified by RiboBio; siHOXD10 and anti-siHOXD10 were purchased from RiboBio. Then, 50 ng of WT or MUT luciferase vector and miR-224 mimic/inhibitor or NC miRNA (20 µM) were co-transfected into H358 or A549 cells. Then luciferase activity was determined in two days with Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) after transfection.

### Western blotting

RIPA lysis buffer was chosen to extract all proteins, supplemented with a protease inhibitor, and separated by 10% SDS polyacrylamide gels (SDS-PAGE) and were electro-transferred to polyvinylidene difluoride (PVDF) membranes (Life Technologies, Grand Island, NY, USA). Subsequently, the membranes were incubated with a specific primary antibody: rabbit monoclonal anti-HOXD 10 (ab 138508; 1:1,000; Abcam, Cambridge, MA, USA) for 12 h at 4°C, and then horseradish peroxidase-conjugated (HRP, 1:10,000), secondary antibody; goat anti-rabbit IgG-HRP (sc-2,004; 1:3,000; Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA) was incubated for 1 h at 25°C. Finally, the proteins of interest were detected by the enhanced chemiluminescence (ECL) detection system (Sea Biotech, Shanghai, China).

### Migration and invasion assays

Cells were washed using serum-free medium three times. A total of 5×10^5^ cells (H358), transfected with the miR-224 mimic/inhibitor and NC, were resuspended in 200 µl serum-free medium and added into upper chamber with or without 150 mg Matrigel (BD Biosciences, San Jose, CA, USA). The lower chamber was filled with 600 µl medium containing serum and incubated for 48 h for migration assay and 72 h for invasion assay. Matrix gels were added into upper chamber of the Transwell. At the end of the experiment, cells of the lower chamber were stained with crystal violet for 20 min. Stained cells were visualized and counted under a CKX41 inverted microscope (SZ61; Olympus, Tokyo, Japan).

### Statistical analysis

The statistical analyses of experimental results were conducted using SPSS 16.0 statistics software package (SPSS, Inc., Chicago, IL, USA). The results are expressed as the mean ± SD. The Student\'s t-test and the Chi-square test were used to analyze experimental data. The unpaired two group comparison and multiple comparisons were made with analysis of variance (ANOVA) with Tukey-Kramer post-hoc test. Correlation between mRNA and miRNA expression level were estimated using the Spearman\'s correlation method. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-224 is significantly upregulated in NSCLC

In order to evaluate the expression levels of miR-224 in NSCLC tissues, the RT-qPCR was used in 40 pairs of collected NSCLC tissues and their adjacent non-tumor tissues samples. miR-224 showed a remarkably higher expression in NSCLC tissues than that in adjacent non-tumor lung tissues ([Fig. 1A and B](#f1-ol-0-0-8245){ref-type="fig"}). Moreover, the expression levels of miR-224 in three NSCLC cell lines (H358, 95-D, A549) were also higher compared with BEAS-2B ([Fig. 1C](#f1-ol-0-0-8245){ref-type="fig"}). These results can help us to understand the correlation between miR-224 and NSCLC, which is characterized by high expression.

### miR-224 is overexpressed following transfection with miR-224-mimic

To investigate the causal role of miR-224 in tumor progression and development, the transfected miR-224 mimics were transfected into the three different NSCLC cell lines (H358, 95-D, A549). The results as shown in [Fig. 2](#f2-ol-0-0-8245){ref-type="fig"}, after transfection with miR-224 mimics, miR-224 showed an average of 35±3-fold expression in H358 cells ([Fig. 2A](#f2-ol-0-0-8245){ref-type="fig"}), 50±2-fold expression in A549 cells ([Fig. 2B](#f2-ol-0-0-8245){ref-type="fig"}), and 42±2-fold expression in 95-D cells ([Fig. 2C](#f2-ol-0-0-8245){ref-type="fig"}), suggested that the expression level of miR-224 was markedly increased with miR-224 mimics compared with NC miR-224 and the control group.

### HOXD10 acts as an oncogene and inversely correlates with miR-224

To find the putative downstream target of miR-224c, bioinformatic tools, such as TargetScan and miRanda, were used. By the online prediction, we obtained the outcome that HOXD10 was selected as a potential target gene of miR-224 and has a highly conserved binding site to miR-224 at 152--158 bp in the 3′-UTR ([Fig. 3A](#f3-ol-0-0-8245){ref-type="fig"}). In order to further verify the predicted binding site, dual luciferase reporter assay was carried out using two NSCLC cell lines (H358, A549). The results indicated that the relative luciferase activity transfected with HOXD10-3′UTR-WT reporter and miR-224 mimics was significantly decreased, on the other hand, it had no suppressive effect on the mutant reporter in H358 and A549 cells ([Fig. 3B](#f3-ol-0-0-8245){ref-type="fig"}).

The mRNA expression levels of HOXD10 were also tested in 40 pairs of samples using the approach of qRT-PCR. The outcome suggested that the expression of HOXD10 was obviously lower in NSCLC tissues. Furthermore, a correlation was performed among mRNA levels of HOXD10 and miR-224 by Spearman\'s correlation analysis. The statistical analysis suggested that the expression of HOXD10 was significantly inversely correlated with miR-224 levels in the NSCLC tissues ([Fig. 3C](#f3-ol-0-0-8245){ref-type="fig"}).

Furthermore, the re-expression of miR-224 significantly suppressed endogenous HOXD10 expression at protein levels in H358 cells. We consistently found that the silencing of miR-224 can increase the protein levels of endogenous HOXD10 in A549 cells ([Fig. 3D and E](#f3-ol-0-0-8245){ref-type="fig"}). Our results indicate that both of the binding sites may take part in miR-224 regulation, and miR-224 binds to the 3′-UTR of HOXD10 to affect its expression.

### HOXD10 was functionally important for the biological function of miR-224

For further determining whether HOXD10 takes part in the regulation of NSCLC cells, migration and invasion assays suggested that silencing of HOXD10 obviously promoted miR-224-induced migration and invasion within H358 cells, and overexpression of HOXD10 could significantly reverse the tumour-inductive functions of miR-224 on the migration and invasion in H358 cells ([Fig. 4A and B](#f4-ol-0-0-8245){ref-type="fig"}). These results demonstrated that miR-224 plays a significant role in the migration and invasion of NSCLC cells by targeting HOXD10.

Discussion
==========

Lung cancer remains the leading cause of cancer-associated mortality ([@b1-ol-0-0-8245]), 80% of which are due to NSCLC ([@b2-ol-0-0-8245]). In recent years, great improvements have been made in comprehension of the pathophysiological functions and finding potential therapeutic methods for NSCLC. miRNAs belong to small endogenous non-coding RNAs, and they may mediate the expression of related gene and/or induce the degradation at the post-transcriptional process ([@b18-ol-0-0-8245]). Increasing evidence suggests that miRNAs play essential part in the development of cancers such as NSCLC through regulation of target genes ([@b19-ol-0-0-8245],[@b20-ol-0-0-8245]).

Moreover, growing number of evidence has indicated that miR-224 functioned either as tumor oncogene or suppressor. Previous research has indicated that miR-224 was increased in a wide class of solid tumors, such as ovarian cancer ([@b21-ol-0-0-8245]), hepatocellular carcinoma ([@b22-ol-0-0-8245]--[@b24-ol-0-0-8245]), and glioma ([@b25-ol-0-0-8245]), gastric cancer ([@b26-ol-0-0-8245]) and may have diagnostic, therapeutic and prognostic values by targeting KLLN, pAKT, EP300, HepG2 and mTOR. In addition, miR-224 acts as a tumor-suppressor in breast cancer and prostate cancer ([@b27-ol-0-0-8245],[@b28-ol-0-0-8245]) by targeting frizzled 5 and TPD52, respectively. Furthermore, various studies suggested that upregulation miR-224 had significant correlation with NSCLC metastasis, and overexpression level of miR-224 enhanced the H1573, H460 cells and H1299 cell abilities of migration, invasion, and proliferation in NSCLC ([@b12-ol-0-0-8245]). Moreover, Cui *et al* reported that CASP7 and CASP3 were identified as downstream targets of miR-224, which are functionally important in the miR-224 mediated lung cancer progression ([@b13-ol-0-0-8245]). Our result showed that miR-224 expression was upregulated in the NSCLC tissues and H358, 95-D, A549 cell lines ([Fig. 1A and B](#f1-ol-0-0-8245){ref-type="fig"}), which was consistent with the previous study. Upon this finding, another experiment was performed where miR-224 was overexpressed in three different NSCLC cell lines (H358, A549 and 95D) via transfection ([Fig. 2](#f2-ol-0-0-8245){ref-type="fig"}) and the results suggested overexpression of miR-224 may enhance the migration and invasion abilities of NSCLC cells ([Fig. 4A and B](#f4-ol-0-0-8245){ref-type="fig"}).

HOXD10, an important regulator of cell-maintainence on differentiated phenotype, has been suggested to take part in tumorigenesis of various human malignancies ([@b29-ol-0-0-8245]). HOXD10 was also detected as the cancer suppressor target regularly lost on chromosome 10q23 and a previous study reported that HOXD10 might play a significant part as a cancer suppressor of invasive growth, cell migration, differentiation and morphogenesis ([@b30-ol-0-0-8245],[@b31-ol-0-0-8245]). Another study validated the HOXD10 functioned as a direct downstream target gene of miR-224 in human hepatocellular carcinoma and indicated that the HOXD10 functioned as a crucial inhibitor of cancer cell migration and invasion ([@b17-ol-0-0-8245]). In addition, in this study, at the molecular level for the first time, luciferase activity assay and western blot suggested that miR-224 targets the 3′-UTR of HOXD10 to regulate its expression in NSCLC ([Fig. 3](#f3-ol-0-0-8245){ref-type="fig"}). Furthermore, Transwell assays showed that silencing or overexpression of HOXD10 has different benefits on tumour-inductive influences of miR-224 on the cancer cell migration and invasion ([Fig. 4A and B](#f4-ol-0-0-8245){ref-type="fig"}), which indicated miR-224 inhibited expression by targeting 3′-UTR of HOXD10 in NSCLC.

In summary, miR-224 overexpression can enhance the migration and invasion abilities of NSCLC cells. Moreover, HOXD10 was detected to be a downstream target of miR-224, and to regulate the influence on cell migration and invasion of NSCLC. A further study to evaluate the potential function of miR-224/HOXD10 axis on tumorigenesis and progression of NSCLC is needed.
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![miR-224 expression in NSCLC tissues and cell lines. (A and B) Relative expression of miR-224 in 40 pairs of NSCLC tissues. (C) The miR-224 was significantly higher expressed in NSCLC cell lines (H358, 95-D, A549) than that in BEAS-2B. \*\*P\<0.01.](ol-15-05-7069-g00){#f1-ol-0-0-8245}

![miR-224 expression level after transfection with miRNA-mimics. The miR-224 was overexpressed via transfection with miRNA-mimics, but still unchanged in control and NC miRNA group in H358 (A) 95-D (B) and A549 (C) cells. \*\*P\<0.01.](ol-15-05-7069-g01){#f2-ol-0-0-8245}

![miR-224 downregulates HOXD10 expression by targeting its 3′UTR. (A) An illustration of WT and MUT 3′-UTR of HOXD10 showing a putative miR-224 target site. (B) The luciferase activities of HOXD10-WT, and HOXD10-MUT in H358 and A549 cells transfected with miR-224 mimic. (C) HOXD10 mRNA level was remarkably lower examined by qRT-PCR and it was inversely correlated with miR-224 level in NSCLC tissues (20 paired tissues). (D) Protein level of HOXD10 and GAPDH in H358 and A549 cells. \*\*P\<0.01, \*\*\*P\<0.001.](ol-15-05-7069-g02){#f3-ol-0-0-8245}

![miR-224 promotes the NSCLC cell migration and invasion. Transwell assay was used to detect the migratory (A) or invasive (B) capacity of H358 cells. \*P\<0.05; \*\*P\<0.01.](ol-15-05-7069-g03){#f4-ol-0-0-8245}

###### 

Clinicopathological characteristics of patients with NSCLC.

                         miR-224 expression         
  ----------------- ---- -------------------- ----- -----------------------------------------------------
  Age (years)                                       0.7356
    ≤60             25   17                     8   
    \>60            15     9                    6   
  Sex                                               0.8843
    Male            23   13                   10    
    Female          17   10                     7   
  Tumor size (cm)                                   0.5628
    \<3             28   19                     9   
    ≥3              12     7                    5   
  Metastasis                                        0.0262^[a](#tfn1-ol-0-0-8245){ref-type="table-fn"}^
    Yes             21   17                     4   
    No              19     9                  10    
  Differentiation                                   0.0312^[a](#tfn1-ol-0-0-8245){ref-type="table-fn"}^
    Well/Moderate   14     6                    8   
    Poor            26   20                     6   
  TNM stage                                         0.0281^[a](#tfn1-ol-0-0-8245){ref-type="table-fn"}^
    I+II            21   15                     6   
    III+IV          19     7                  12    

P\<0.05.
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